Introduction
Stroke is a major cause of morbidity and mortality in the United States, with over 700,000 strokes occurring annually. As large as this number is, recent studies have suggested that for every recognized clinical stroke, there are 5 silent strokes [1] . Likewise, imaging studies have shown that as many as 11 million silent strokes may occur in the US annually [2] . What are the implications of this multitude of small cerebral infarctions? Are these strokes truly "silent," or do they manifest with deficits other than the classic definition of stroke: motor, sensory, language, or visual deficit? The purpose of this work is to explore the relationship between carotid stenosis and cognitive decline, with the hypothesis that atherosclerotic disease is a risk factor for cognitive decline, and that non-invasive studies may be able to stratify that risk for individual patients.
had a stroke, and more than 60% of stroke patients have some form of cognitive impairment [3] . In the classic nun study, 93% of subjects who had a clinical stroke also had evidence of cognitive decline [4] [5] [6] . Furthermore, decline in cognitive function, particularly executive function has been found to predict 10-year stroke risk [7] . These findings suggest that some ongoing pathologic process leads to both cognitive decline and stroke, and that intervention directed at this process may be useful in abating the effects of both.
Recent developments suggest that the distinction between Alzheimer's dementia and vascular cognitive decline is rapidly becoming blurred [8] . Furthermore, the processes at work in the carotid plaque: lipid deposition, inflammation, angiogenesis, and microhemorrhages, are the same processes at work in the brain with degenerative dementia. Our previous work, utilizing GeneChip microarray analysis of plaque samples from classically symptomatic and asymptomatic subjects has shown that the symptomatic plaques have altered regulation of 236 genes coding largely for proteins involved in cell proliferation and growth, but also genes implicated in neurodegenerative disorders such as Huntington disease, ALS, and Alzheimer's [9] [10] [11] . It is with these findings in mind that we sought to determine the relationship between carotid stenosis, whether or not it is classically symptomatic, and cognitive decline.
Plaque strain and cognitive decline
A series of studies have suggested that cerebral emboli, as measured by transcranial Doppler, may predict cognitive impairment [12] [13] [14] . Along with the classic work of C. Miller Fisher showing artery-to-artery embolization as the major mechanism of cerebral ischemia with carotid plaque, these findings stress the importance of determining which plaques are at risk for rupture and embolization.
Previous studies have shown that plaque vulnerability to rupture is determined primarily by the mechanical/elastic properties of the vessel wall and plaque [15] [16] [17] . The location of carotid atherosclerosis at the bifurcation of the common carotid artery in the neck makes it particularly suitable for noninvasive study using ultrasonography. We therefore postulate that there might be parameters of plaque strain, measurable by ultrasound, that would predict stable versus unstable plaques and hence that plaque strain measurement may correlate with cognitive decline. In the second part of the current work, we investigate the relationship of plaque strain to cognition using a subset of the patients studied for cognitive function.
Methods
Under University of Wisconsin Institutional Review Board approval, we studied a cohort of patients undergoing carotid endarterectomy for clinically significant carotid stenosis. Data were analyzed retrospectively. Patients were eligible for study if they had symptomatic carotid stenosis meeting NASCET criteria or asymptomatic stenosis meeting ACAS criteria and were scheduled to undergo carotid endarterectomy by the principal investigator (RJD) [18, 19] . Patients were considered to be symptomatic if they had had any transient or permanent neurological deficit in speech, motor, somatic sensation, or vision. All patients underwent testing with the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), which consists of 12 subtests and yields 5 index scores: Attention, Language, Visuospatial/Constructional, Immediate Memory, and Delayed Memory [20] . Each of the 5 index scores is age-adjusted and normalized [21] . Scores for each cognitive domain were then compared to all other domains in pairwise fashion with a significant difference defined as p b 0.05 using Student's t-test. The scores of symptomatic patients were compared to asymptomatic patients within each of the 5 domains tested. Again, statistical comparison was performed with Student's t-test.
Plaque strain data acquisition
A subset of the patients undergoing RBANS testing also underwent ultrasound carotid plaque analysis. Carotid plaque strain was assessed by tracking displacements in ultrasound radiofrequency data to estimate axial and principal strains over cardiac cycle.
Carotid ultrasound scanning for in-vivo data acquisition on patients scheduled for carotid endarterectomy with standard clinical indications was performed at the University of Wisconsin-Madison Hospital and Clinics. Patients were scanned using a Siemens SONOLINE Antares system (Siemens Healthcare, Malvern, PA, USA) equipped with the Axius direct ultrasound research interface (URI), which provides the raw radiofrequency (RF) data.
A standard clinical carotid examination was performed on the patient, by placing a linear array transducer (VFX 13-5) on the skin at the location of the carotid artery. The scanning location was selected based on the surgical site for the carotid endarterectomy procedure. The linear array transducer was pulsed at 11.43 MHz, and RF data was acquired at a 40 MHz sampling rate, with a single transmit focus and data acquired to a depth of 4 cm. Dynamic focusing was used on receive. The longitudinal RF data obtained at the plaque location was processed offline to track the displacement and obtain the accumulated axial-strain distribution.
Displacement tracking and strain estimation
A 2D multi-level cross-correlation method utilizing a coarse-tofine tracking scheme was previously developed in our laboratory for displacement tracking and strain estimation for discontinuous tissue [22, 23] . The current algorithm also uses the strategy described above, however the image sets created at each level are scale-space representations [24] . A three-level pyramid was used for displacement tracking, and recursive Bayesian regularization is used to denoise the tracked displacement at each level [25] . Eulerian frameto-frame strains are estimated at the final level utilizing RF data and are estimated using a least squares strain estimator, after utilizing a 3 × 3 median filter to remove outliers [26] .
RF data for carotid strain imaging was obtained at the highest frame-rate, depending on system settings, approximately 27 frames/ second. Previously, displacement and strain estimates were computed between two consecutive frames, however the frame strain can vary significantly over the cardiac cycle with high strain-rates during systole and lower strain-rates during diastole [22] . As previously described, the ability of an algorithm to obtain a high strain signal-tonoise ratio is dependent on the magnitude of the deformation of strain [27] . If the deformation is too low, electronic and quantization noise reduce image quality. If the deformation is too large, signal decorrelation limits the improvements in the signal-to-noise obtained. A dynamic frame-skip algorithm was therefore used to obtain an optimal inter-frame strain within the carotid plaque [26] .
Accumulated axial strain values estimated from the accumulated displacement over the cardiac cycle were then computed within specified regions of interest (ROI) that define plaque location on the ultrasound B-mode image that were segmented by a radiologist. Finally, the relationship between the maximum accumulated axial strain indices estimated from the variation of the accumulated strain curve in a region of interest containing plaque (marked by the radiologist on the B-mode image) and each of the RBANS index scores was assessed using Pearson's r.
Results

Carotid stenosis and cognitive function
Forty-four patients underwent RBANS testing. Thirty were defined as symptomatic and 14 asymptomatic. Patients had similar baseline demographic characteristics. For all domains tested with the RBANS metric, the average score was 87 with an age-adjusted normal score defined as 100. Comparing each RBANS domain in pairwise fashion to the others, regardless of symptoms, showed significantly lower scores in visuospatial/constructional abilities than in any other domain (Fig. 1 ). These differences were statistically significant for all pairwise comparisons. No other comparison between any two domains showed significant difference.
Taking each domain individually, symptomatic versus asymptomatic patients showed no difference in visuospatial/constructional ability, attention, immediate or delayed memory. There was a significant difference between symptomatic and asymptomatic patients in the language domain (both picture naming and semantic fluency tasks) (p = 0.016).
Plaque strain and cognitive function
Twenty-three patients from the above cohort were additionally tested with ultrasound for plaque strain analysis. Sixteen were symptomatic and seven were asymptomatic. Asymptomatic patients showed a negative relationship between plaque strain and immediate memory (r = −.61, p = ns). Cognitive performance of patients with left carotid disease (n = 14) did not differ from that of patients with right carotid disease (n = 9). However, correlational analyses revealed that poorer performance across multiple cognitive abilities was negatively correlated with increasing accumulated principal strain (rs ranging from −0.065 [language] to −0.531 [visuospatial construction]; see Table 1 ) in patients with left carotid disease. A similar relation was found between cognitive abilities and increasing accumulated axial strain (rs ranging from .068 [language] to -.394 [visuospatial construction]. In other words, increasing accumulated strain was associated with deficits in cognitive performance. This relationship was not seen in right carotid disease.
Discussion
We have shown that visuospatial/constructional abilities are significantly impaired in all patients with carotid stenosis regardless of the presence of major symptoms. Underlying this finding is a new understanding of carotid disease, borne out by studies of plaque genetics, cerebral and carotid imaging, and studies of cerebral embolization.
Cerebral imaging investigations based on diffusion weighted and gradient echo MRI techniques have suggested that microinfarcts, both hemorrhagic and non-hemorrhagic, are far more common than clinically recognized. Furthermore, these techniques show that the infarcts are of multiple ages (Fig. 2) . Studies of patients undergoing cardiac surgery or catheterization have shown remarkably high numbers of cerebral emboli, as measured by transcranial Doppler, and correlated this with cognitive decline following these procedures [28, 29] . It follows that the stability of the plaque and its propensity for embolization, more than the degree of luminal narrowing, may be the most important factors in defining the risk to the patient with atherosclerotic carotid stenosis.
Our preliminary studies suggest a relationship between strain parameters measurable in carotid plaques and significantly worse cognitive function, which is present in both "symptomatic" and "asymptomatic" patients. Therefore, whether a patient has had a classically defined TIA or stroke with motor, sensory, visual, or language deficit may not be an adequate characterization of this disease process. Cognitive abnormality due to the combined effects of microemboli from structurally unstable carotid plaques may be far more prevalent than classic stroke.
Carotid plaques are not random in their distribution. The plaque is almost always located at the carotid bifurcation in the neck, specifically on the back wall of the internal carotid artery. It is at this location that the jet of flow coming off of the flow divider is most turbulent, leading to the development of plaque. The plaque itself, with varying degrees of calcification, hemorrhage, lipid deposition, hard and soft components must change the physical properties of the vessel. While a normal vessel pulsates radially with its intact elastic and smooth muscle components, the plaque-bearing region cannot. This suggests that in order to pulsate, these plaques may need to crack or flex along stress points that may be measurable. We hypothesize that these may be the source of microemboli and a signature of the instability of the plaque in question.
Using ultrasound elastography measurements we are able to identify areas of greatest strain and areas where strain measurements vary due to different consistencies of adjacent tissues within the plaque. Furthermore, this can be quantified by measuring the strain vector, realizing that the strain displacement may not take place in a radial direction as it would in a normal vessel, but may be longitudinal or tangentially directed. The change in strain vector with pulsation may be an important sign of plaque instability.
In the current study, we have shown preliminary data suggesting that the strain in a pulsating plaque may correlate with cognitive decline. Future studies will examine the relationship between strain measurements and cerebral emboli using transcranial Doppler measurements. By examining strain tensors, we hope to identify areas of high probability of failure of a plaque during pulsation. Overlying strain measurements represented as elliptical glyphs on an anatomic image can give a visual representation of the internal architecture of a plaque (Fig. 3) . In patients who undergo carotid endarterectomy, this map can be compared to the physical specimen, thus correlating areas of high strain or change in strain to the histologic examination of the specimen. In this way, the ultrasound strain mapping can be validated with potential future use for planning clinical interventions.
Limitations and future directions
The present study of cognitive function is limited in a few ways. It lacks a control group of age-matched subjects against whom the cognitive function of subjects with carotid disease can be compared. Ultrasound strain measurements were performed on a small sample of patients, thus limiting the power of this study to detect correlation between strain and cognitive function. Further study is ongoing, with a prospective study designed to address the shortcomings of the current work, and to evaluate the role of cerebral emboli, the relationship between ultrasound and histopathologic examination, and the effect of treatment on cognitive function.
Conclusion
The future for these studies is vitally important. Quantitative comparison of various strain parameters with symptomatology needs to be performed. The relationship of cerebral embolization to vessel strain and to cognition as well as the effect of carotid endarterectomy on these emboli -i.e. whether emboli stop with surgery, whether vessel strain is normalized, and whether cognitive decline is altered -are the issues which will define the utility of these measurements and their effect on patient outcome.
Continued study should involve noninvasive plaque imaging, genetic studies of the factors that make a plaque more susceptible to emboli, and the effects of microemboli on the aging brain. In the future, we may be able to direct medical and surgical treatments for atherosclerotic carotid stenosis at an earlier stage of the disease by noninvasively recognizing at-risk patients with structurally highrisk plaques. 
